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Lipid oxidations a highly toxic heavy metal through not completely understood mechanisms.
Previously, wedemonstrated that Tl(III) causesmitochondrial depolarization in PC12 cells leading to a decrease
in cell viability. Given the role of the phospholipid cardiolipin (CL) in mitochondrial events, we evaluated in
vitro the short- (2 min) and long- (60 min) time effects of Tl(III) (1–75 μM) on CL-containing membranes
physical properties, and the consequences on cytochrome c binding to CL. After 2 min of incubation, Tl(III)
signiﬁcantly decreased liposome surface potential, lipid packing, and hydration of phosphatidylcholine:CL
liposomes, while CL pK2 decreased from 9.8 to 8.2. The magnitude of these changes was even higher after
60 min of incubation. While no Tl(III) was found bound to membranes, Tl(I) was present in the samples.
Accordingly, signiﬁcant oxidative damage to both CL fatty acids and polar headgroup was observed. Cyto-
chrome c binding to CL was decreased in Tl(III)-treated liposomes. The present results indicate that Tl(III)
interaction with CL-containing membranes affected their physical properties, caused lipid oxidation and CL
hydrolysis, and resulted in a decrease of cytochrome c binding. If occurring in vivo, these effects of Tl(III) could
partially account for mitochondrial dysfunction in cells exposed to this metal.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionThallium (Tl) is a heavymetal usually present in earth's crust under
the form of salts and minerals which maintain Tl almost unavailable
to living organisms. However, as a consequence of the increasing
use of Tl in certain industries, and from its mobilization during
mining, Tl concentration in the air, water and soils increased, and Tl
becomes incorporated into the food-chain [1–3]. Human intoxica-
tion with Tl occurs by oral, dermal, or respiratory routes [4] and its
deposition in tissues affects several systems, including the nervous
system [2,5,6].
This metal has two oxidation states, the monovalent (Tl(I)) and
trivalent (Tl(III)) cations, the latter being a strong oxidant (Tl(III)/Tl(I)
ε0: +1.25 mV). Recently, we demonstrated that both Tl(I) and Tl(III)
affected rat pheochromocytoma cell (PC12 cells) viability, making
mitochondria one of the major targets of Tl toxicity [7]. We found thatrenedecanoyl)-sn-glycero-3-
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l rights reserved.both cations induced the loss of mitochondrial transmembrane po-
tential in a manner that depended on metal concentration and
exposure time [7]. This effect of Tl was accompanied by an increase
in mitochondrial oxidant content [7], the activation of the intrinsic
pathway of apoptosis and the subsequent release of cytochrome c
(Hanzel, C.E. and Verstraeten, S.V., unpublished results).
Cardiolipin (CL) is a peculiar phospholipid formed by two phos-
phatidyl moieties linked by a glycerol group. Hence, CL bears four acyl
chains and two phosphate groups with different pK (for a review, see
[8]). In eukaryotic cells, this phospholipid is conﬁned to the inner
membrane of mitochondria, being specially enriched in the inter-
membrane contact sites. CL interacts with several mitochondrial
proteins, such as ADP–ATP carrier, respiratory chain complex I, III, IV
and V, and cytochrome c, among others [8]. Cytochrome c is an
abundant, basic, water-soluble, 13 kDa protein that mediates the
electron transport between complex III and IV of the respiratory chain,
and plays a key role in the intrinsic pathway of apoptosis. This protein
has two binding sites for CL, denominated A and C, respectively. While
the ﬁrst one determines the electrostatic interaction of cytochrome c
Lys residues with CL phosphate moieties, the second involves the
hydrophobic interaction with two of the four CL acyl chains that are
buried into a hydrophobic channel of the protein [9,10]. It has been
proposed that the oxidative damage to CL acyl chains could lead to
cytochrome c detachment from CL, becoming available to exit the
mitochondria through mitochondrial transition pores [11,12]. Through
these pores, cytochrome c reaches the cytoplasm and activates effector
caspases responsible for the ﬁnal steps of cell apoptosis.
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toxicity, and since Tl(III), but not Tl(I), was found to affect the physical
properties of negatively charged membranes [13], we investigated
in vitro the potential consequences of the interaction of Tl(III) with
the phospholipid CL. Working with model membranes (liposomes)
composed of phosphatidylcholine (PC) and CL we evaluated (a) the
effects of Tl(III) (1–75 μM) on select membrane physical properties,
(b) the possibility that Tl(III) could oxidize CL acyl chains and/or its
polar headgroup, and (c) whether these membrane alterations could
determine the extent of cytochrome c binding to the bilayer. Based on
our experimental data, we propose that Tl(III) profoundly affects CL-
containing membrane rheology impairing cytochrome c binding to
this phospholipid, an effect that, if occurring in vivo, could account for
Tl(III) toxicity.
2. Materials and methods
2.1. Chemicals
Bovine brain phosphatidylcholine (PC) and bovine heart cardiolipin (CL) were
purchased from Avanti Polar Lipids (Alabaster, AL, USA). Thallium (III) nitrate and thallium
(I) nitrate were from Alfa Æsar (Ward Hill, MA, USA). The ﬂuorescent probes 6-(9-
anthroyloxy) stearic acid (6-AS),16-(9-anthroyloxy) palmitic acid (16-AP), 6-dodecanoyl-2-
dimethylaminonaphthalene (Laurdan), 1-hexadecanoyl-2-(1-pyrenedecanoyl)-sn-glycero-
3-phosphocholine (10-PyrPC), and 4-heptadecyl-7-hydroxycoumarin (HHC)were obtained
from Invitrogen/Molecular Probes (Eugene, OR). The ﬂuorescent probe 8-anilino-1-
naphthalene-sulfonic acid (ANS), horse heart cytochrome c, phosphatidyl glycerol (PG),
and all the other reagents were from the best quality available and purchased from Sigma-
Aldrich (St. Louis, MO).
2.2. Tl solutions
Tl(III) stock solutions were prepared dissolving Tl(III) nitrate in Milli Q water and
acidiﬁed with 3 M HCl until the attainment of a colorless solution. The amount of acidic
Tl(III) solution used for the experiments did not alter the pH of the buffer solutions used
in the experiments. Tl(I) stock solutions were prepared in Milli Q water.
2.3. Liposome preparation
Aliquots of PC in chloroform solution and CL in ethanol solution to attain a PC:CL
80:20 molar ratio, were brought to dryness under high vacuum in a Buchi rotary
evaporator for 15 min, and a further 15 min under N2. Phospholipids were suspended
(2.5 mM) in a 20 mM Tris–HCl buffer (pH 7.4), and incubated at 45 °C for 10 min. Small
vesicles were obtained by three cycles of 45 s sonication in a Branson 250 Soniﬁer
(Branson Ultrasonics, Danbury, CT, USA) at 80 W. Liposomes were diluted to a ﬁnal
concentration of 0.1 mM with the same buffer solution. To assess a possible lipid
oxidation due to oxygen presence during this procedure, liposomes were also prepared
under N2 atmosphere, and lipid hydroperoxides were quantitated as described by
Fukuzawa et al. [14]. No signiﬁcant differences were found in lipid hydroperoxides
content in liposomes prepared under O2- or N2-containing atmospheres (17.6±1.8, and
21.1±2.1 nmol lipid hydroperoxide/μmol phospholipid, respectively, P=0.11).
2.4. Evaluation of membrane surface potential
Liposomemembrane potential was evaluated using the ﬂuorescent probe ANS [15].
Aliquots containing 0.2 ml of PC:CL (80:20 molar ratio) liposomes in 20 mM Tris–HCl
buffer (pH 7.4) were incubated at 37 °C for either 2 min or 60 min in the absence or
presence of Tl(III) (1–75 μM). After incubation, samples were added with 1 μM ANS and
further incubated for 2 min at 37 °C. ANS ﬂuorescence emission at 465 nm (λexcitation:
380 nm) was measured in a Kontron SFM-25 spectroﬂuorometer (Kontron Instruments
SPA, Milan, Italy) with temperature control and a 10-nm monochromator bandwidth.
Membrane surface potential (ΔΨ0) was calculated from the equation:
Dw0 =
RT
F
 ln f
f0
 
where R is the gas constant, T is the absolute temperature, F is the Faraday's constant, f
is the ANS ﬂuorescence intensity in PC:CL liposomes incubated in the presence of Tl(III),
and f0 is the ﬂuorescence intensity in liposomes without further additions.
2.5. Evaluation of membrane surface pH
Membrane surface pHwas assessed as described by Petrov andMöbius [16]. Brieﬂy,
10 μl aliquots of CL vesicles in 20 mM Tris–HCl buffer (pH 7.4) were incubated at 37 °C
for either 2 min or 60 min in the absence or presence of 50 μM Tl(III). After incubation,
samples were added with 0.25 mol% of HHC, and further incubated at 37 °C for 10 min
to allow the incorporation of the probe. Samples were transferred to quartz cuvettescontaining 1.99 ml of 20 mM Tris–HCl solution adjusted to pH 13. Initial HHC
ﬂuorescence in samples was recorded at 445 nm (λexcitation: 366 nm), and subsequent
measurements were performed along sample titration with HCl 1 N until reaching pH
4.5. Results are expressed as normalized ﬂuorescence units.
2.6. Evaluation of membrane acyl chain order
The effect of Tl(III) on lipid acyl chain order was investigated using the ﬂuorescent
probes 6-AS and 16-AP which sense the acyl chain motion at different depths of the
bilayer [17]. PC:CL (80:20 molar ratio) liposomes in 20 mM Tris–HCl buffer (pH 7.4)
were incubated at 37 °C for either 2 min or 60 min in the absence or presence of Tl(III)
(5–75 μM). After incubation, samples were added with 0.2 mol% of 6-AS or 16-AP and
further incubated for 10 min to allow the incorporation of the probe. Steady state
ﬂuorescence anisotropy (rs) of the probes was calculated as:
rs =
I==−I?
 
I== + 2I?
 
where: I// and I⊥ are the ﬂuorescence intensities at 435 nm (λexcitation: 384 nm)
recorded with the emission polarizer oriented parallel or perpendicular to the
excitation polarizer, respectively, and registered at 37 °C. Fluorescence anisotropy of
these probes is inversely related to lipids order. Results are expressed as the difference
between ﬂuorescence anisotropy measured in the absence and presence of Tl(III).
2.7. Evaluation of membrane hydration
Membrane hydration at the glycerol backbone of phospholipids level was evaluated
using the ﬂuorescent probe Laurdan [18]. PC:CL (80:20molar ratio) liposomes in 20mM
Tris–HCl buffer (pH 7.4) were incubated at 37 °C for either 2 min or 60 min in the
absence or presence of Tl(III) (5-75 μM). After incubation, samples were added with
0.2 mol% of the probe Laurdan and further incubated for 10 min to allow the
incorporation of the probe. Membrane hydration was assessed from the changes in
Laurdan generalized polarization (GP) calculated as:
GP =
I430−I480
I430 + I480
where I430 and I480 are the ﬂuorescence intensities at 430 and 480 nm (λexcitation:
350 nm), respectively, measured at 37 °C. GP is inversely related to membrane
hydration, with high GP values indicating low content of water molecules hydrating the
polar headgroups of lipids. Results are expressed as the difference between GP values
measured in the absence and presence of Tl(III).
2.8. Tl(III) binding to liposomes
Tl(III) binding to membranes was assessed by a micro-dialysis approach, using an
in-line equilibrium cell (Bel-Art Products Inc., Pequannock, NJ, USA) with a 12 kDa
cut-off nylon membrane. The selected membrane cut-off allowed the diffusion of Tl
(III) but not of liposomes (data not shown). Aliquots containing 1 ml of PC:CL (80:20
molar ratio) liposomes in 20 mM Tris–HCl buffer (pH 7.4) were placed in one side of
the cells (liposome-side) and separated with the nylonmembrane from the other side
of the cells that contained 1 ml of Tl(III) (0.5–75 μM) solution in the same buffer (Tl-
side). Samples were incubated at room temperature for 60 min under continuous
agitation at 200 rpm. The amount of Tl(I) and Tl(III) present in the Tl-side of cells was
quantitated using the method described by Perez-Ruiz et al. [19] with modiﬁcations.
After incubation, 0.3 ml portions of the solutions from Tl-side of the cells were
carefully removed, transferred to nitric acid-washed glass tubes and used to quantify
total Tl (containing both Tl(III) and Tl(I)), and Tl(I). For total Tl quantitation sam-
ples were reduced by 15 min incubation with 0.1 mM thiourea. For Tl(I) quantitation,
Tl(III) present in the samples was chelated with 1 mM EDTA to prevent its further
reduction. In both situations, samples were added with 0.1 M HCl (ﬁnal concentra-
tion), Tl(I) ﬂuorescence was recorded (λexcitation: 227 nm, λemission: 420 nm), and
Tl(I) concentration was calculated from a standard curve run in parallel. The amount
of Tl(III) in the samples was calculated as the difference between the amounts of total
Tl and Tl(I).
2.9. Evaluation of lipid oxidation
PC:CL (80:20 molar ratio) liposomes in 20 mM Tris–HCl buffer (pH 7.4) were
incubated at 37 °C for 60 min in the absence or presence of Tl(III) (1–75 μM). After
incubation, lipid oxidation was evaluated from the concentration of 2-thiobarbituric
acid reactive substances (TBARS) in the samples [20]. Results are expressed as the ratio
between TBARS and total lipid contents.
2.10. Evaluation of CL hydrolysis
CL vesicles in 20 mM Tris–HCl buffer (pH 7.4) were incubated at 37 °C for 60 min in
the absence or presence of Tl(III) (10–75 μM). After incubation, lipids were extracted
with chloroform:methanol (2:1 v/v) [21]. Samples were brought to dryness under high
vacuum and resuspended in 0.1 ml chloroform:methanol (1:1 v/v). Lipids were
separated by thin layer chromatography on HPTLC silica plates (Sigma-Aldrich, St. Louis,
Fig. 1. Effects of Tl(III) on liposome surface potential. PC:CL (80:20) liposomes in 20 mM
Tris–HCl buffer (pH 7.4) were incubated for either 2 min (○) or 60min (●) in the presence
of Tl(III) (1–75 μM). After incubation, liposome surface potential was evaluated from the
binding of the probe ANS, as indicated underMaterials andmethods. Results are shown as
the difference between the potential (Ψ0) measured in the absence and presence of Tl(III),
and are the mean±SEM of six independent experiments. ⁎Signiﬁcantly different from the
value measured in liposomes incubated for 2 min in the presence of Tl(III) (Pb0.01, two-
way ANOVA).
Fig. 2. Effects of Tl(III) on liposome surface pH. CL vesicles in 20 mM Tris–HCl buffer
(pH 7.4)were incubated for either (A) 2min, or (B) 60min, in the absence (○) or presence
(●) of 50 μM Tl(III). After incubation, changes in the ﬂuorescence of the probe HHC
according to variations in media pH were evaluated as indicated under Materials and
methods. Results are shown as the mean±SEM of ﬁve independent experiments.
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and stained with 0.3% (w/v) Coomassie Brilliant Blue in methanol:150mM NaCl (20:80 v/
v). Bands were identiﬁed using CL and phosphatidylglycerol (PG) as standards, and
quantiﬁed densitometrically using the software Gel-Pro Analyzer 4.0 (Media Cybernetics
Inc., Bethesda, MD, USA). Results are expressed as the ratio between PG and CL contents.
2.11. Evaluation of cytochrome c binding to CL
Cytochrome c binding to CL-containing liposomes was evaluated as described in
[22]. 2 ml of PC:CL (80:20) liposomes in 20 mM Tris–HCl buffer (pH 7.4) were incubated
at 37 °C for 60 min either in the absence or presence of Tl(III) (5–75 μM). After
incubation, samples were added with 0.1 mol% of the ﬂuorescent probe 10-PyrPC and
further incubated for 10 min to allow the incorporation of the probe. Basal ﬂuorescence
was registered at 390 nm (λexcitation: 340 nm), and samples were subsequently
titrated with increasing amounts of cytochrome c (0.25–2.5 μM). Results are expressed
as the quenching of 10-PyrPC ﬂuorescence (Q%) calculated as:
Q kð Þ = 100 ITl
Ino additions
where: ITl and Ino additions are 10-PyrPC ﬂuorescence intensities measured in liposomes
incubated in the presence and absence of Tl(III), respectively. Maximal 10-PyrPC
ﬂuorescence quenching was calculated by adjusting experimental data to a one-phase
exponential decay curve for each Tl(III) concentration assessed. The ﬂuorescence of 10-
PyrPC was not affected by Tl(III) or Tl(I) (data not shown).
2.12. Statistics
One-way analysis of variance (ANOVA) followed by Fisher's PLSD (protected least
square difference) test was performed using the routines available in StatView 5.0 (SAS
Institute, Cary, NC, USA). Two-way ANOVA test, non-linear data ﬁtting, and correlations
were performed using GraphPad Prism version 4.00 for Windows, GraphPad Software
(San Diego, CA, USA). Independent experiments were carried out in different liposome
preparations. A probability (P) valueb0.05 was considered statistically signiﬁcant.
3. Results
3.1. Evaluation of liposomes membrane physical properties
We ﬁrst evaluated the effects of Tl(III) interactionwith CL-containing
liposomes on certain membrane physical properties by incubating
samples at 37 °C for either 2 or 60 min in the presence of the metal.
PC:CL liposomes surface potential was assessed by the binding of
the ﬂuorescent probe ANS. After 2 min of incubation at 37 °C in thepresence of Tl(III) (1–75 μM), liposomes surface potential was
signiﬁcantly lower (P≤0.01) than the value found in liposomes devoid
of Tl(III) (Fig. 1). The magnitude of the effect was even higher in
liposomes incubated for 60 min in the presence of Tl(III) (Pb0.01),
reaching a plateau at 25 μM Tl(III).
The possibility that this decrease in membrane surface potential
could be related to a change in the pH at the water–lipid interface was
investigatedmeasuring the pH-dependent changes inHHCﬂuorescence
inserted into CL vesicles. After 2 min of incubation at 37 °C, 50 μMTl(III)
caused a shift of CL pK2, from 9.8 to 8.2 (Fig. 2A). On the contrary, no
changes in CL pK2 were observed when liposomes were incubated for
60min in the presence of Tl(III) (pK2=9.7±0.07 and 10.2±0.4 for control
and Tl(III)-treated vesicles, respectively) (Fig. 2B). No signiﬁcant changes
in HHC ﬂuorescence were observed at pHb3 (data not shown).
Next, we evaluated the impact of Tl(III) on lipid order using two
ﬂuorescent probes, 6-AS and 16-AP, which sense lipid packing at different
Fig. 3. Effects of Tl(III) on liposomes lipid packing. PC:CL (80:20) liposomes in 20 mM
Tris–HCl buffer (pH 7.4) were incubated at 37 °C for 2 min (○) or 60 min (●) in the
presence of Tl(III) (5–75 μM). After incubation, lipid packing was evaluated from the
changes in the steady state ﬂuorescence anisotropy (rs) of the probes (A) 6-AS, or (B) 16-
AP as indicated under Materials and methods. Results are shown as mean±SEM of four
independent experiments. ⁎Signiﬁcantly different from the value measured in
liposomes incubated for 2 min in the presence of Tl(III) (Pb0.01, two-way ANOVA).
Inset: Lipid acyl chain order dependence on temperature. Liposomes containing the
probe 6-AS were incubated for 2 min either in the absence (○) or presence (●) of 50 μM
Tl(III). Lipid acyl chain order was evaluated in the 10–70 °C temperature range from the
changes in 6-AS ﬂuorescence steady state anisotropy (rs). Results are shown as mean±
SEM of four independent experiments. ⁎Signiﬁcantly different from the value measured
at the same temperature but in the absence of Tl(III) (Pb0.01, two-way ANOVA).
Fig. 4. Effects of Tl(III) on membrane surface hydration. PC:CL (80:20) liposomes in
20 mM Tris–HCl buffer (pH 7.4) were incubated at 37 °C for either 2 min (○) or 60 min
(●) in the presence of Tl(III) (5–75 μM). After incubation, membrane surface hydration
was evaluated using the ﬂuorescent probe Laurdan, as indicated under Materials and
methods. Results are shown as the difference between Laurdan generalized polarization
(GP) measured in the absence and presence of Tl(III), and are the mean±SEM of four
independent experiments. ⁎Signiﬁcantly different from the value measured in
liposomes incubated for 2 min in the presence of Tl(III) (Pb0.01, two-way ANOVA).
Fig. 5. Evaluation of Tl(III)-liposomes binding. PC:CL (80:20) liposomes in 20 mM Tris–
HCl buffer (pH 7.4) were incubated in the presence of Tl(III) (0.5–75 μM) and the
amounts of free Tl(III) (●) and Tl(I) (○) weremeasured as described underMaterials and
methods. Membrane-bound Tl(I) (□) was calculated from the experimental binding
constants obtained as described in the text body. The sum of free Tl(III) and Tl(I), and
membrane-bound Tl(I) concentrations obtained for each experimental condition is
indicated in the graph (■). Results are shown as the mean±SEM of six independent
experiments.
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(III) an increase in 6-AS ﬂuorescence anisotropy ofwas observed, an effect
that was signiﬁcant (Pb0.001) at metal concentrations higher than 5 μM
(Fig. 3A). Similar results were obtained after 60 min of incubation in the
presence of Tl(III), although the magnitude of the effect was signiﬁcantly
lower than that measured after 2 min of incubation (P≤0.05). In the
absence of Tl(III), 6-AS ﬂuorescence anisotropy showed a monotone de-
pendence on temperature (inset to Fig. 3A). On the contrary, when
liposomes were incubated for 2 min in the presence of 50 μMTl(III), 6-ASﬂuorescence anisotropy decreased between 10 and 30 °C, reached a
plateau between35 and50 °C, and increased above 55 °C (inset to Fig. 3A).
On the other hand, in liposomes containing the probe 16-AP and incuba-
ted at 37 °C, Tl(III) caused a concentration-dependent increase in the
ﬂuorescence anisotropy (P≤0.05), themagnitude of the changemeasured
at 75 μM Tl(III) being signiﬁcantly higher in liposomes incubated for
60minwith respect to the values found when liposomes were incubated
for only 2 min (Fig. 3B).
Fig. 6. Effect of Tl(III) on lipid oxidation. (A) PC:CL (80:20) liposomes in 20 mM Tris–HCl
buffer (pH 7.4) were incubated at 37 °C for 60min. After incubation, lipids oxidationwas
evaluated from TBARS production, as indicated under Materials and methods. Results
are shown as the mean±SEM of four independent experiments. ⁎Signiﬁcantly different
from the value measured in the absence of Tl(III) (Pb0.01). (B) CL vesicles in 20 mM
Tris–HCl buffer (pH 7.4) were incubated at 37 °C for 60 min. After incubation, PG and CL
contents were measured in the samples, as indicated under Materials and methods.
Results are shown as the PG to CL ratio, and are the mean±SEM of four independent
experiments. ⁎Signiﬁcantly different from the value measured in liposomes incubated
in the absence of Tl(III) (Pb0.005).
Fig. 7. Effects of Tl(III) on cytochrome c binding to CL. (A) PC:CL (80:20) liposomes in
20mM Tris–HCl buffer (pH 7.4) were incubated at 37 °C for 60min in the absence (○) or
in the presence of Tl(III) 5 (●), 10 (□), 25 (■), 50 (Δ), or 75 μM (▲). After incubation,
samples were added with the ﬂuorescent probe 10-PyrPC, and samples were titrated
with increasing amounts of cytochrome c (0.25–2.5 μM). Results are expressed as the
quenching of 10-PyrPC ﬂuorescence, and are the mean±SEM of ﬁve independent
experiments. (B) Dependence of maximal quenching of 10-PyrPC ﬂuorescence on Tl(III)
concentration. ⁎Signiﬁcantly different from the value measured in liposomes incubated
in the absence of Tl(III) (Pb0.01). Inset: correlation between maximal quenching of 10-
PyrPC ﬂuorescence and CL hydrolysis. Data taken from Fig. 6B and 7B.
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polar headgroup of phospholipids was evaluated from the changes in
Laurdan generalized polarization (GP). After 2min of incubation in the
presence of Tl(III), a concentration-dependent increase in Laurdan GP
was observed in PC:CL liposomes, an effect that was signiﬁcant
(P≤0.01) at Tl(III) concentrations higher than 10 μM (Fig. 4). Similar
effects were observed after 60 min of incubation, although in this case
themagnitude of the effect was signiﬁcantly higher (P≤0.01) than that
observed after 2 min of incubation (Fig. 4). At the highest Tl(III)
concentration assessed (75 μM) no signiﬁcant differences were found
between the effects measured at the two incubation periods.3.2. Evaluation of Tl(III) binding to membranes and lipid oxidation
The amount of Tl(III) bound to PC:CL (80:20) liposomes was
investigated by a micro-dialysis approach, and measuring the concen-
tration of free Tl from its intrinsic ﬂuorescence. After 60 min of incu-
bation at room temperature, samples contained not only free Tl(III) but
also Tl(I) (Fig. 5).
To calculate the amount of Tl(III) bound to liposomes, we next
measured Tl(I) binding by incubating PC:CL (80:20) liposomes for
60 min in the presence of Tl(I) (5–75 μM). Under these conditions,
the amount of membrane-bound Tl(I) adjusted to a two binding site
hyperbola (Kd1=0.2±0.1 μM and Kd2=88±8 μM) (data not shown).
Using these values of constants, we next calculated the amount of
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ingly, the total amount of free Tl(III), free Tl(I) and membrane-bound
Tl(I) found for each Tl(III) concentration assessed equaled the amount
of Tl(III) added (Fig. 5). This result indicates that Tl(III) binding to PC:CL
liposomes reached the equilibrium, and the binding of further Tl(III)
molecules will be limited by the diffusion rate of the cation through
the dialysis membrane.
Basedon the above, thepossibility that Tl(III) reductionuponbinding
to PC:CL liposomes could cause the oxidation of membrane lipids was
next investigated. After 60 min of incubation at 37 °C, Tl(III) caused a
signiﬁcant (Pb0.01) and concentration-dependent increase in lipid
oxidation products content, evaluated as TBARS formation (Fig. 6A). To
investigate whether Tl(III) could also hydrolyze the polar headgroup of
cardiolipin, CL vesicles were incubated for 60 min at 37 °C in the
presence of Tl(III) (10–75 μM). After incubation, lipids in the samples
were resolved by HPTLC. We found that after 60 min of incuba-
tion, samples contained not only CL but also phosphatidylglycerol (PG,
Fig. 6B), a hydrolysis product of CL. PG formation signiﬁcantly depended
on Tl(III) concentration (Pb0.005).
3.3. Evaluation of cytochrome c–CL interaction
Finally, the hypothesis that Tl(III)-mediated changes in PC:CL li-
posomes physical properties could affect the interaction of cytochrome
c with CL was investigated. To fulﬁll this objective, liposomes were
labeled with the ﬂuorescent probe 10Pyr-PC, and samples were titra-
ted with increasing amounts of cytochrome c. In the absence of Tl(III),
cytochrome c quenched 10Pyr-PC ﬂuorescence in a concentration-
dependent manner (Fig. 7A). PC:CL liposomes were next incuba-
ted for 60 min at 37 °C in the presence of increasing amounts of Tl(III)
(5–75 μM). Under the current conditions, a signiﬁcant and concentra-
tion-dependent decrease in cytochrome c-mediated 10Pyr-PC quench-
ingwas observed (Fig. 7A).Maximal quenching calculated for each Tl(III)
concentration assessed adjusted to one-phase exponential decay curve
(r2: 0.99, Pb0.001, Fig. 7B), and signiﬁcantly correlated with the amount
of PG generated in the samples (r2: 0.97, Pb0.005).
4. Discussion
Previous studies from our group demonstrated that the exposure
of PC12 cells to Tl(III) causes mitochondrial depolarization [7], and
the release of cytochrome c, leading to cell apoptosis (Hanzel, C.E. and
Verstraeten, S.V., unpublished results). Based on these ﬁndings, and in
order to elucidate the possible mechanisms that are involved in Tl(III)
cell toxicity, the aim of the present work was to investigate in vitro
whether Tl(III) interaction with CL-containing membranes could per se
alter their physical properties andmodify the bindingof cytochrome c to
CL. To fulﬁll this objective, we used liposomes composed of PC and CL,
keeping the relative amount of CL close to that found in mitochondrial
innermembranes (~20mol%). Since Tl(III) is a redox-activemetalwith a
strong oxidant capacity we performed the experiments at two different
incubation times (2 or 60 min). The short incubation time was chosen
based on the time required for other trivalent cations to interact with
negatively charged membranes and cause a maximal effect on select
membrane properties [23,24]. On the other hand, a long incubation time
(60min) was used to ensure that Tl(III) not only had interacted with the
bilayer but also oxidized phospholipid acyl chains.
First, we measured the impact of Tl(III) (1–75 μM) on liposome
surface potential. Given that PC is a zwitterrionic phospholipid at pH
7.4, and that CL has ionized only one of its two phosphate groups
[8,25], the electrostatic interaction of the trivalent cation with the
negative charges of the bilayer was expected to cause an increase of
liposome surface potential [17]. Surprisingly, Tl(III) caused a signiﬁ-
cant and concentration-dependent decrease in membrane surface
potential at both incubation times assessed. The possibility that the
achievement of a more negative surface was due to changes in theionization state of CL phosphate groups was next investigated. For that
purpose, liposomes were labeled with the ﬂuorescent molecule HHC.
When incorporated into a membrane, this probe reports changes in
the pH in the milieu by modifying its ﬂuorescence [16]. In our ex-
perimental model, CL vesicles displayed a pK2 value similar to that
previously reported [25], but when exposed for only 2 min to 50 μM Tl
(III) it decreased by 1.6 pH units. Kates et al. demonstrated that the
unusual high pK2 of CL is caused by the formation of a cyclic intra-
molecular hydrogen-bonded structure between the ionized phos-
phate group and the free hydroxyl group of the central glycerol bridge,
and thatwhen this hydrogen bond is broken, the pK2 radically drops to
4.8 [25]. Therefore, the observed effect of Tl(III) could be related to the
disruption of this particular hydrogen bond, exposing the negatively
charged phosphate group to the aqueous environment, and resulting
in an apparent decrease in membrane surface potential. It is note-
worthy that not only CL pK2 was altered by Tl(III), but also the overall
shape of the titration curve. Tl(III) is an amphoteric cation, and its
hydroxylation degree relies on the pH of the media varying from free
Tl3+ to Tl(OH)4− as media pH increases [26], although more than one
species could be present at a given pH. Based on that, it is possible that
these ionic species could differentially interact with CL, and the overall
shape of the titration curve represents an average of those interac-
tions. On the other hand, no changes in pK2 were observed when
liposomes were incubated for 60 min in the presence of Tl(III), al-
though the shape of the titration curve was affected. As it will be
discussed later, this lack of effect on pK2 value could be associatedwith
the hydrolysis of a discrete amount of CL molecules, generating PG
(pKb3) and PA (pK2=7–8) [27]. In our model, pK2 value measured
after oxidation should correspond to remnant CL molecules with their
polar headgroups not affected by Tl(III), and to the newly generated
PA, and similar to that of control, non-oxidized samples. On the other
hand, the shape of the titration curve in Tl(III)-treated samples was
different from that found for untreated membranes. This effect could
be related to a possible lateral rearrangement of CL and PG moieties
and the establishment of ionic interactions between both lipids that
modulated CL protonation/deprotonation.
Previously, we demonstrated that Tl(III) affected the packing of PC:
phosphatidylserine membranes by decreasing the order of negatively
charged domains [13]. In the current experimental model, we in-
vestigated the impact of Tl(III) on this membrane's physical property at
different depths of the bilayer. The chosen probes were 6-AS which
locates at the glycerol backbone of phospholipids level, and 16-APwhich
resides in the hydrophobic core of the membrane. As expected for a
membrane composed of natural lipids containing a heterogeneous fatty
acid composition, both in length and unsaturation degree, PC:CL lipo-
somes did not show a neat transition temperature but a monotonous
behavior with temperature variation [28]. This behavior was modiﬁed
by 50 μM Tl(III), and the observed effects can be separated into three
temperature ranges. Below 35 °C, lipid packing decreased similarly to
control liposomes. Between 35 and 50 °C, lipid order remained ap-
proximately constant, and increased again at temperatures above 50 °C.
The plateau reached in the 35–50 °C temperature range could be related
to the ability of CL to form non-lamellar phases, mainly the hexagonal II
(HexII) phase, a feature that could be enhanced by increasing the
temperature [29] and/or by the presence of multivalent cations, such
as Ca2+ [30]. The hypothesis that Tl(III) could promote the formation
of HexII phase will be investigated in the near future using 31P-NMR
measurements.
At 37 °C Tl(III) caused a signiﬁcant and concentration-dependent
increase in lipidpacking, regardlessof theprobeusedand the incubation
time assessed. Similarly to previous ﬁndings for other trivalent cations
[17,23], after a 2min incubation, Tl(III) not only affected lipid order at the
water–lipid interface, but this effect also propagated into the hydro-
phobic region of the bilayer. At this time point, no major oxidative
damage could be expected, and the observed effect should be related to
the immobilization of the polar headgroups of phospholipids due to the
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phosphate and/or hydroxyl groups of phospholipids, an effect that
propagates into themembrane core [17]. On the contrary, the rigidifying
effect of Tl(III) after a long-term incubation has to bemore related to the
alteration of membrane composition than to electrostatic interactions
between the cation and the membrane. In fact, if Tl(III) oxidizes the
membrane, Tl(I) appears in the medium and this cation has proven not
to cause any alterations in membrane lipids packing [13].
An increase in lipid packing causes a decrease in membrane
polarity by reducing the amount of water molecules that hydrate
phospholipid polar headgroups. Using Laurdan, a probe sensitive to
the polarity of its immediate surroundings, we observed that Tl(III)
affected membrane hydration in a concentration-dependent fashion.
As discussed above, the effect observed after a short incubation period
could be ascribed to the electrostatic interaction of the trivalent
charged cation with the negatively charged membrane [24], while
after a long incubation period the effect should be attributed to the
alteration of membrane composition due to Tl(III)-induced oxidative
damage. Interestingly, the effect observed after 60 min of incubation
was signiﬁcantly higher than that found at 2 min of incubation. This
ﬁnding suggests that lipid polar headgroups, besides fatty acids,
should be altered since Tl(I) interaction with membranes does not
affect their hydration [13].
Based on all those discussed above, we next evaluated whether or
not Tl(III) caused an oxidative damage to PC:CL liposomes measuring
both Tl(I) generation and the formation of lipid oxidation products.
Using a micro-dialysis approach we observed that after 60 min of in-
cubation, approximately a 50% of total Tl(III) added was reduced to Tl(I),
and the remaining 50%was present as free Tl(III). The ﬁnding that free Tl
(III) was still present in samples after such a long time of incubation
must be related to the diffusion rate of the cation through the dialysis
membrane that could limit the access of Tl(III) to its binding sites.
Nevertheless, and without this limitation, when PC:CL liposomes
were incubated in the presence of Tl(III) a signiﬁcant and concentra-
tion-dependent increase in TBARS content was found. This technique
evaluates the amount of lipid peroxidation end-products, and it is a
parameter of the oxidative damage to the acyl chains of phospholipids.
Similarly to Fe(III), Tl(III) could bind to pre-existing lipid hydroperoxides
that, based on their polarity, bend the affected acyl chain towards the
water–lipid interface. Upon binding, Tl(III) could oxidize lipid hydro-
peroxides, generating peroxyl radicals which are able to propagate
lipid oxidation to neighbor fatty acids [31]. Notably, Tl(III) not only
oxidized phospholipids fatty acids but also affected the polar head-
group of CL as evidenced by the appearance of PG in the samples in a Tl
(III) concentration-dependentmanner. To our best knowledge, this is the
ﬁrst report showing a non-enzymatic, redox metal-dependent hydro-
lysis of CL and further experimentswill be required in order to elucidate
the molecular mechanism.
Finally, we investigated a functional consequence of Tl(III)-sup-
ported CL oxidation, measuring the binding of cytochrome c to this
phospholipid. Using the ﬂuorescent probe 10Pyr-PC as a reporter of
cytochrome c–CL interaction [16], we found that a long incubation
of PC:CL liposomes with Tl(III) caused a concentration-dependent
decrease of cytochrome c binding. This effect of Tl(III) was signiﬁcantly
associated with PG content in the samples, supporting the preferen-
tial binding of cytochrome c to CL over PG [22]. From our calculations,
Tl(III) not only caused a decrease in cytochrome c maximal binding
(IC50: 3.5±0.2 μM Tl(III)) but also in the apparent Ka (IC50: 2.3±0.2 μM
Tl(III)). The binding constant of cytochrome c and CL is very high (~109
M−1) and thus, the observed effects of Tl(III) can not be explained by
alterations in the electrostatic interactions in the cytochrome c–CL
complex [12]. Cytochrome c can also bind to PG although with a much
lower afﬁnity (~106 M−1) [32] which could contribute to the decrease
in the overall cytochrome c afﬁnity for Tl(III)-treated membranes.
Moreover, the oxidation of CL acyl chains cause cytochrome c deta-
chment from CL [11]. Therefore, we propose that Tl(III) effects on bothCL hydrolysis and on lipid peroxidation could be responsible of the
dramatic decrease in the afﬁnity of cytochrome c for CL in our ex-
perimental model.
In summary, in this work we presented experimental evidence
showing that Tl(III) caused both short- and long-term effects on CL-
containing membranes, modifying their physical properties and oxi-
dation state. As a consequence, a severe decrease of cytochrome c
binding was observed. In the case that Tl(III) could reach mitochon-
dria in vivo, its interaction with CL could have a profound impact on
mitochondria functionality and/or be partially responsible of the
release of cytochrome c to the cytosol with the subsequent activation
of effector caspases, and thus leading to cell apoptosis.
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